C-heptachlor for 72 hr. The levels and nature of 14 C-residues in roots and shoots of treated plants were determined to estimate the values of the root concentration factor (RCF) and the transpiration stream concentration factor (TSCF). RCF and TSCF values ranged from 126 (corn) to 4086 (lettuce) and 0.052 (Chinese cabbage) to 0.494 (zucchini), respectively. In pumpkin and zucchini, unmetabolized heptachlor itself was translocated from the root to the shoot via a transpiration stream and no further extensive metabolism was observed. cis-Heptachlor epoxide was the predominant metabolite in the shoots of tomato, cabbage, Chinese cabbage and lettuce. Less metabolism of cis-heptachlor epoxide was suggested in the shoots of these plants.
Introduction
Heptachlor is a chlorinated dicyclopentadiene insecticide that persists long-term in the environment and accumulates in the food chain. This compound has been targeted by the Stockholm Convention on Persistent Organic Pollutants (POPs). Heptachlor was first registered in 1957 and was used on farmland until 1975 when its registration lapsed in Japan.
1) Heptachlor was still detected in environmental samples in Japan approximately 30 years after the lapse of its registration.
2) Additionally, heptachlor epoxide, which is a metabolite of heptachlor, was detected at levels slightly higher than the maximum residue limit (MRL) in pumpkins produced in Hokkaido in 2006. 3) Organochlorine pesticides, such as dichlorodiphenyltrichloroethane (DDT), chlordane, dieldrin, and aldrin, are also persistent chemicals in the environment and are classified as POPs. The half-lives of these compounds in soil are measured in years. 4) Usage of these pesticides has been banned since 1986 in Japan; however, it was reported that dieldrin residue has been found in the soil and cucumbers from agricultural fields in Tokyo. 5) Pylypiw et al. reported that chlordane and heptachlor epoxide were detected in summer squash from a farm where synthetic pesticides had not been used during the previous decade. 6) Variations in the uptake and translocation of organochlorine pesticides were observed in various plants. Significant variability was observed in the bioavailability of field-weathered dichlorodiphenyldichloroethylene (DDE) in the soil between different plant genera. 7) Differential uptake of dieldrin and endrin from the soil was observed in several plant families and genera. 8) Furthermore, differences in translocation from the soil to plants of polychlorinated dibenzo-p-dioxins and dibenzofurans were observed in the cucumber family. 9) The degradation and metabolic fate of heptachlor have been determined in field soils and in a laboratory model ecosystem 10, 11) ; however, little knowledge is available on the fate and behavior of heptachlor in plants. This study aimed to investigate the uptake, translocation and metabolism of 14 Cheptachlor dissolved in hydroponic solution by several plant species. The bioavailability of 14 C-heptachlor to several plant species was estimated by calculating the transpiration stream concentration factor (TSCF) value and the root concentration factor (RCF) value. Furthermore, the concentration of heptachlor and its metabolites in test plant shoots and roots was determined. To investigate the intrinsic bioavailability of heptachlor to various plant species, the root of each test plant was treated with hydroponic solution containing
Materials and Methods

Test substance and reagent
Radiolabeled heptachlor ( [4, 5, 6, 7, [8] [9] [10] [11] [12] [13] [14] C]heptachlor) was prepared by custom synthesis and provided by Moravek Biochemicals (Brea, CA, USA). The specific radioactivity of this compound was 11.5 MBq/mg, and the radiochemical purity was better than 99%. Non-radiolabeled heptachlor and 1-hydroxychlordene were purchased from Wako Pure Chemical Industries (Osaka, Japan), and cis and trans-heptachlor epoxides were purchased from Hayashi Pure Chemical Industries (Osaka, Japan). The identity of 14 C-heptachlor was confirmed by comparing its high performance liquid chromatography (HPLC) retention time with that of non-radiolabeled heptachlor. All organic solvents used in this study were of HPLC or GC grade. Pure water was prepared by a Milli-Q Gradient A10 system (Millipore, Bedford, MA, USA).
Test plant
Wheat seeds were supplied by Saitama Prefecture Agriculture and Forestry Research Center, and other plant seeds were purchased from Sakata Seed (Kanagawa, Japan). The test plants are presented in Table 1 . Plant seeds were germinated on quartz sand that had been soaked in 3-fold diluted hydroponic solution (Murashige and Skoog Plant Salt Mixture; Wako Pure Chemical Industries) in an incubator (Tokyo Rikakikai, Tokyo, Japan) at 25°C. A plant seedling incubated for several days was sandwiched between two pieces of Silicosen ® , and this plant was inserted into a hole in Styrofoam board. This board was placed on aerated 3-fold diluted hydroponic solution in a plastic tray. A plant seedling was then grown in an incubator under a cycle of 16-hr illumination (25,000 lux) and 8-hr darkness. Humidity was not controlled. Pre-cultivation days from sowing of the test plant are presented in Table 1 . The main root lengths of the test plants were over 8 cm.
Radioassay
Radioactivity in a liquid sample (hydroponic solution and plant extract) was individually measured by liquid scintillation counting (LSC). Duplicate aliquots of liquid sample was dissolved in ATOMLIGHT TM scintillation cocktail (PerkinElmer, Wellesley, MA, USA) prior to LSC analysis, which was conducted using a LSC-5100 liquid scintillation counter (Aloka, Tokyo, Japan). Each LSC sample was counted twice for 2 min, and the average value was cited as the radioactivity in the sample. Post-extraction solids (PES) from plant samples were dried at room temperature, and airdried solids were subjected to oxidative combustion using an automatic sample oxidizer (Model ASC-113; Aloka) with 14 C recovery of >95%. The 14 CO 2 produced was absorbed into a Carbo-Sorb ® E (PerkinElmer) absorber, which was then mixed with a Permafluor ® E+ (PerkinElmer) oxidizer scintillation cocktail followed by LSC.
Root treatment and harvest of plant
To determine the uptake and translocation of 14 C-heptachlor, the roots of pre-cultivated plant seedlings were treated by soaking for 72 hr in 3-fold diluted hydroponic solution containing 14 C-heptachlor in a 100 ml amber Erlenmeyer flask (nϭ5 for each plant species). Each test plant was individually grown in each flask. The nominal concentration of 14 C-heptachlor was 20 mg/l, and the initial volume of the hydroponic solution in the flask was 120 ml. A duplicate aliquot of this solution was taken and subjected to LSC to determine the actual initial 14 C concentration. The average concentration of 14 C-heptachlor in the initial hydroponic solution was 19.8 mg/l (standard deviation; 2.2 mg/l). The treating test plants were cultivated in an incubator under the above-mentioned growth conditions. At 72 hr of treatment, the test plant was removed from the hydroponic solution and the treated root was dipped in acetonitrile for a few seconds. The washed root was blotted dry with a paper towel, and then the plant was divided into shoots and roots. The volume of the remaining hydroponic solution was measured, and the duplicate aliquot of this solution was measured by LSC to determine the radioactivity. The transpiration volume of the plant was determined by the difference between the volume of the initial hydroponic solution volume and that of the remaining hydroponic solution after treatment. A decrease in the hydroponic solution volume in the flask, where a test plant was not cultivated, was not observed at 72 hr in the incubator under the above-mentioned conditions. 
Sample extraction
The samples (roots and shoots) from each treated plant were immediately subjected to extraction. After the fresh weight of each sample was weighed, the sample was extracted for 1 min with an approximately 20 ml portion of acetone using a Polytron ® homogenizer (Kinematica AG, Lucerne, Switzerland). The extraction mixture was filtered through filter paper (THE TOP FILTER PAPER No. 704; Nippon Rikagaku Kikai Co., Ltd., Tokyo, Japan) to separate the extracts and PES. The duplicate aliquot of extracts was measured by LSC. The PES was air-dried to analyze the radioactivity by oxidative combustion. The extract was evaporated in a rotary evaporator at 40°C, and dried under a nitrogen stream. The residues were re-dissolved in 0.1 ml (shoots) or 0.2 ml (roots) acetonitrile. After these extracts of each plant part (root or shoot) obtained from five samples were combined, the combined extracts were analyzed by HPLC.
HPLC analysis
Plant extracts were analyzed by a Shimadzu LC-10A HPLC system (Shimadzu, Kyoto, Japan) with an ultraviolet (UV) detector. The entire column effluent that passed through the UV detector was introduced into a Ramona Star radioactive flow monitor analyzer (Raytest Isotopenmessgeraete, Straubenhardt, Germany). Heptachlor and its metabolites were separated using a Capcell Pak C18 MGII column (4.6 mm i.d. ϫ 250 mm, 5 mm; Shiseido, Tokyo, Japan). The HPLC mobile phase was controlled by the linear gradient condition. The concentration of acetonitrile in water started at 65%, was maintained at 65% for 5 min, and then increased to 93% for 25 min. The flow rate was 1.0 ml/min, and the column oven temperature was 40°C. The percentages of radioactivity in the separated components were determined by integrating the peak areas using chromatography software (GINA Star TM ; Raytest Isotopenmessgeraete). Major radioactive components in the extracts were identified in HPLC co-chromatography by comparing the retention time with those of non-radiolabeled standards detected by UV detector at 210 nm.
Calculation of RCF and TSCF values
Accumulation of a chemical into roots is described by its root concentration factor (RCF), and the efficiency of translocation of a chemical to shoots from root uptake is described by its transpiration stream concentration factor (TSCF). RCF and TSCF were defined by Shone and Wood.
12) RCF and TSCF values were calculated as follows; TSCFϭ(radioactivity in shoots/volume of water transpired)/ (mean 14 C concentrations in hydroponic solutions at the beginning and end of the test).
Results and Discussion
1.
14 C concentration in plant 14 C concentrations in the roots and shoots of various plant species treated with hydroponic solution containing 14 C concentrations in zucchini (0.091 mg eq./g) and wheat (0.075 mg eq./g) shoots were higher than those of other test plants. Pumpkin shoots had the lowest concentration of radioactive residues (0.014 mg eq./g). It is well known that a plant has three water pathways (apoplast, transmembrane and symplast) from a root exodermis to enter a vascular system, but the absorption of water through an apoplast is disturbed by the Casparian strip present in the root endodermis. It was reported that the apoplast pathway was important for water absorption in the young corn root. sented the absorption rate of chemicals to roots from a test solution and this value increased with increasing lipophilicity. 15) Because the RCF values obtained from our study were high (from 126 to 4086), our results well agreed with Briggs' observation. It is very likely that 14 C-heptachlor dissolved in water easily entered the plant root, and then was extensively partitioned to (or adsorbed onto) the plasma membrane of root cells by hydrophobic interactions due to its highly lipophilic nature (log Kow of heptachlor; 6.66 16) ). Approximately 30-fold differences were found among the RCF values of test plants. Morphological differences of roots (i.e., difference in surface area/unit weight) might affect the RCF values of the test plants.
RCF and TSCF values of plants
TSCF values were markedly lower than RCF values and ranged from 0.052 (Chinese cabbage) to 0.494 (zucchini). As mentioned above, it is well known that water absorption through an apoplast is disturbed by the Casparian strip in the endodermis; therefore, 14 C-heptachlor dissolved in water has to diffuse into the vascular system by passing through the plasma membrane of root cells and then translocating to a shoot via the transpiration stream. The low TSCF values indicate the slow rates of those diffusion processes of heptachlor.
Among the test plants, the TSCF value of zucchini was highest in our study. The TSCF values of cucumber and wheat were approximately 0.175, and those of bell pepper, pumpkin, cabbage and Chinese cabbage were less than 0.1. Dettenmaier et al. investigated the average TSCF values of 25 organic compounds ranging in log Kow from Ϫ0.8 to 5. 17) They reported that the TSCF values of phenanthrene, pentachlorophenol and pyrene, which have similar lipophilicity to heptachlor, were 0.15, 0.07 and 0.04, respectively. These reported values were similar to the TSCF values of heptachlor in the test plants in our experiment except for that of zucchini. The TSCF value for zucchini was markedly higher than that Vol. 35 15, 18) and that the relationship between TSCF values (longitudinal axis) and the log Kow of chemicals (horizontal axis) was fitted with Gaussian distribution. Additionally, they reported that the maximum value of the log Kow of the Gaussian distribution was approximately 1.8 in their barley experiment. Hsu et al. also reported that the maximum value of log Kow in the Gaussian distribution was approximately 3.1 in their soybean experiment. 19) These results indicate that the maximum value of log Kow in the Gaussian distribution differs by plant spices. Because the TSCF value of zucchini was highest among the test plants in our experiment, it is supposed that the maximum value of log Kow in the Gaussian distribution for zucchini was larger than that of the other test plants. Figure 2 illustrates the HPLC UV chromatogram of the reference compounds and representative HPLC radiochromatograms of radioactive components in extracts from roots and shoots of tomato plants treated with 14 C-heptachlor. HPLC retention times of radioactive peaks in tomato shoot and root extracts matched those of UV peaks of the reference compounds. cis-Heptachlor epoxide was observed as the principal metabolite in both root and shoot extracts. In addition, trans-heptachlor epoxide and 1-hydroxychlordene were detected from root and/or shoot extracts as minor metabolites. These compounds were reported as metabolites of heptachlor in field soils, the laboratory model ecosystem and rats. 10, 11, 20) Our result also demonstrated that heptachlor was metabolized to cis and trans-heptachlor epoxide by epoxidation and to 1-hydroxychlordene by oxidative dechlolination in plants. Table 3 presents the percentages of total radioactive residues (TRR) and 14 C concentrations of heptachlor and other radioactive metabolites in the roots of the test plants treated with 14 C-heptachlor. The percentage of TRR of unmetabolized heptachlor was highest in the roots of the test plants, except for corn. In pumpkin and zucchini roots, the percentage of TRR of heptachlor was greater than 70%. On the other hand, the percentage of TRR of heptachlor was less than 50% in cabbage and corn roots. The predominant radioactive component of corn roots was cis-heptachlor epoxide. cis-Heptachlor epoxide and 1-hydroxychlordene were additionally detected in the roots of all test plants. trans-Heptachlor epoxide was also detected in the roots of tomato, zucchini, cucumber and cabbage. Because metabolites of heptachlor were found in the roots of all test plants, it is suggested that heptachlor was translocated into not only apoplasts but also symplasts of roots. The higher percentages of TRR of heptachlor in zucchini and pumpkin roots indicate less metabolic capability in the roots of these plants. Table 4 presents the percentages of TRR and 14 C concentrations of heptachlor and other radioactive components in the shoots of test plants. The percentages of TRR of heptachlor in pumpkin and zucchini shoots were higher (66.7% and 80.6%) than those in other test plants, indicating less metabolic capability also in the shoots of these plants. cis-Heptachlor epoxide was the predominant radioactive component in the shoots of tomato, cabbage, Chinese cabbage and lettuce (46.0-69.8% of TRR). This result suggests that further metabolism of cis-heptachlor epoxide was not so extensive in the shoots of these plants. On the other hand, % of TRR values of both heptachlor and cis-heptachlor epoxide was lower in the shoots of corn, wheat, bell pepper and cucumber, suggesting further metabolism of heptachlor and cis-heptachlor epoxide to other metabolites, including 1-hydroxychlordene.
Identification of metabolites
Levels of metabolites in plants
Unmetabolized heptachlor was the principal radioactive component in both the roots and shoots of pumpkin and zucchini. This result clearly indicates that in these plants, heptachlor itself was taken up into the vascular system of the roots and then translocated to the shoots via the transpiration stream. For other test plants, the percentages of TRR of heptachlor in shoots were clearly lower than those in the roots. It is suggested the possibility that heptachlor itself was translocated from the roots to shoots, and heptachlor was then further metabolized in the shoots. In addition, it can be predicted that major metabolites of heptachlor, including cis-heptachlor epoxide and 1-hydroxychlordene in plant roots, have higher water solubility (or lower lipophilicity) than heptachlor, and therefore it is also possible that these root metabolites could diffuse into symplasts more readily than the parent compound and then be translocated into the shoots. In this experiment, variations in the uptake, translocation and metabolism of heptachlor were observed in the test plant species. In addition, it was considered that the bioavailability of heptachlor in a field plant was altered by many factors, for example, soil properties, field conditions and plant stage etc.
